The objective of this study was to assess the relationship between the hyperspectral reflectance of soils and their albedo, measured under various roughness conditions. 108 soil surface measurements were conducted in Poland and Israel. Each surface was characterised by its diurnal albedo variation in the field as well as by its reflectance spectra obtained in the laboratory. The best fit to the model was achieved by post-processing manipulation of the spectra, namely second derivate transformation. Using a stepwise elimination process, four spectral wavelengths and the roughness index were selected for modelling. The resulting models allowed the albedo of a soil to be predicted for its different roughness states and any solar zenith angle, provided that hyperspectral reflectance data is available.
Introduction
The broadband blue-sky albedo ( α) of soil surfaces varies dynamically as a function of their moisture and roughness. Generally, soil moisture is inversely related to α. If the moisture is lower than the hygroscopic capacity, changes in soil reflectance are unnoticeable or only slightly observable. While these changes are mostly apparent in the water content from the hygroscopic capacity to the field capacity [1, 2] . An increase in the soil water content from the field capacity to the full saturation level does not bring any change in the soil reflectance, or causes a slight increase [1] [2] [3] . The roughness of cultivated soils depends on their agricultural treatments. It is highest after ploughing and progressively decreases with rainfall [4] . Decreasing the size of soil clods and aggregates increases the α of soil surfaces [5] . Matthias et al. [6] reported that for relatively smooth sandy loam treated by a plough, a disk, or a diskdisk, or prepared as a seedbed, α decreases by 27%, 18%, 10%, and 8%, respectively. Conversely, after rain, Potter et al. [7] observed an increase in α of about 25% for bare soil. Kondratyev and Fedchenko [8] found that the crust that forms around soil clods of 5-15 cm in response to repeated wetting and drying resulted in the soil spectral reflectance increasing by 10%-15%. Irregularities in soil surfaces are the main cause of their diurnal α variation associ- * Corresponding author.
E-mail address: ciernje@amu.edu.pl (J. Cierniewski). ated with the changing zenith position of the sun. As early as 1961, Monteith and Szeice [9] noticed that α of bare soils increased by 0.03 when the solar zenith angle ( θ s ) increased from 30 °to 70 °K ondratyev [10] reported that when the θ s increased from 10 °to 60 °, α of rocky and loamy soils increased by 0.08 and 0.13, respectively. In clear sky conditions, α of soils reaches the lowest value at the lowest θ s at local solar noontime, while the highest, about 1, is reached at sunrise and sunset. The α dependence on θ s was also considered for other land surfaces by other authors [11] .
When α is plotted against θ s it shows a characteristic U-shaped curve [12] . Generally, as cloud cover increases, the amount of diffuse radiation increases, and the impact of θ s diminishes. When the sky is completely overcast, the radiance distribution is almost even, with its weak monotonic drop from the zenith to the horizon [13] . Cierniewski et al. [14] analysed the α of soils treated by different agricultural tools and modified by rain or irrigation water drops in Poland and Israel, and found that the roughness of the soils not only affects the overall level of the diurnal variation of α under clear sky conditions, but also affects the intensity of the diurnal α increase from the θ s at local solar noon to about 75 °It was also found that the content of soil pigments, such as soil organic carbon (SOC) and CaCO 3 , together with roughness indices of the soil surfaces, can precisely describe the α of the soils at local noon for all studied soil surfaces. The roughness indices, however, accurately described the slope of the α increase (s α ) of all the soils, regardless of other soil properties. 
Table 1
General information about the studied sites and their albedo data. The information includes the number of diurnal albedo sets collected inside the specified sites on plots formed by a planter (Fp), plow (Pd), disk harrow (Hd), pulverising harrow (Hp), or smoothing harrow (Hs). When a plot was modified by water drops, its symbol was complemented by "+ ". The minimum solar zenith angle (in degrees) for each plot is listed in parentheses. (11) In the current paper the role of soil pigments in predicting diurnal α dynamics was replaced by hyperspectral reflectance data of soils measured in laboratory conditions. These hyperspectral reflectance data are commonly collected around the world and stored with other soil properties in soil databases, such as the Global Soil Spectral Library [15] , or the European LUCAS Soil Portal [16] . The aim of the paper was to determine the accuracy of α variation using equations that use laboratory reflectance data, assuming that investigated soils with defined roughness state were air dried.
Methods
The aim of this study was achieved using examples of the half-diurnal variation soil datasets (measured from the local solar noon to sunset) which were collected on cultivated soils in the Wielkopolska region of Poland and in the southern and central districts of Israel. The total data consists of 81 datasets that were previously collected in Poland and Israel in 2008-2013 [14] , and 27 similar datasets collected in Israel in 2015. Each of these datasets was accompanied by a site description including the micro-topography of the tested plots formed by specific farming tools such as planters, ploughs, and disk harrows, pulverising harrows and smoothing harrows. Each of these soils was manipulated by 3 to 5 of these tools. In addition, modifications by rain or irrigation drops were taken into consideration. The coordinates of the places studied in 2015 are listed in Table 1 .
The half-diurnal α variation of the studied plots was measured under clear sky and air-dried conditions by LP PYRA 06 albedometers (Delta Ohm, Padua, Italy) working in a spectral range of 335 to 2800 nm. The instruments were installed on a tripod about 1.5 m above the ground. The α data were recorded in 1 min intervals by Campbell Scientific 21x data logger and DaqPRO 5300 data loggers. The diffuse reflectance spectra of all studied soils, air-dried and sieved through a 2 mm sieve, were obtained from 350 nm to 2500 nm at 1 nm intervals under laboratory conditions using a FieldSpec ® spectroradiometer (Analytical Spectral Devices, Inc., Boulder, CO, USA) with a Hi-Brite Muglight receptor. The instrument setup was adapted from a protocol used for the global soil spectral library [15] .
Measurements were calibrated with a white reference Spectralon® panel (Labsphere, Inc., North Sutton, NH, USA). Two reflectance spectra of each soil sample were collected, with the first made after filling the sampler with approximately 10 g of soil, and a second after rotating the sampler by 90 °in the horizontal plane. The measurements were accepted if the mean relative difference between them was less than 1%; otherwise the measurements were repeated. Mean reflectance from both measurements were then calculated, spliced and smoothed using the prospect package [17] of the R software [18] . Besides this, continuum removal (CR) filtering was performer in the R software.
The roughness of the soil plots formed by the farming tools was investigated on their representative surfaces. It was measured on the plots studied in 2008 using a VIVID-910 laser scanner (KonicaMinolta, Tokyo, Japan) placed on a tripod that was moved around a 1 m 2 square plot to read its shape from four different directions [19] . The roughness of the surfaces studied in 2010-2013 was measured by stereo-photographs taken with a 12.2 MP Canon EOS 450D camera that moved along a levelled construction supported by two tripods [14] . The photographs of plots with a high roughness and a low roughness were taken from heights of 1.5 m and 1 m, respectively, using focal lengths of 25-35 mm and 18-25 mm. In both cases the average pixel size was between 0.2 and 0.3 mm. The photographs were taken together with horizontal slats with a millimetre scale located on the surface. The surfaces tested in 2015 were also measured by stereo-photographs, but taken with a 36.4 MP SONY α7 R camera, sporting a lens with fixed focal length of 35 mm, from a height of about 2.5 m and attached to a monopod that moved around a 4 m 2 square plot to interpret its irregularities from 17-43 different directions (a higher number of directions on plots with greater roughness). The photographs of these surfaces were taken together with 8 nail heads lying in a level plane, to be used later in post-processing as markers. The PCI Geomatica OrthoEngine 10.2 software generated three-dimensional images for plots, as well as the X, Y, Z coordinates of the pixels that depict the irregular surface of the plots, for the data collected in 2008-2013, while the Agisoft PhotoScan Professional Edition 1.1.6 was used for the data tested in 2015. These coordinates allowed the creation of digital elevation models (DEMs) of the tested plots using the TNTmips 2012 software. The DEMs were visualised using the 3D Blender 2.76 software.
For evaluation of the accuracy of predicting the diurnal α variation of soils with a specific roughness, the IBM SPSS Statistics Version 23ed software was used. The raw spectra were used, as Table 2 Properties of the surface horizons of the studied soils classified according to [23] . SOC -soil organic carbon; S -sand; LS -loamy sand; SL -sandy loam; L -loam. well as the following transformations: linearisation (Kubelka-Munk -KM), normalisation (by maximum -MN) and filtering (baseline removal -BSL, detrending using 2nd polynomial -DTR2, SavitzkyGolay 1st derivative SG1d, and Savitzky-Golay 2nd derivative SG2d, both derivates using 2nd polynomial with a 15-point moving window). The clay and silt fraction content was determined by a hydrometer method [19] and the sand content was calculated as the complement up to 100%. The soil organic carbon (SOC) content was determined by its sulfochromic oxidation on digestion block (30 min at 150 °C), followed by titration of excess of K 2 Cr 2 O 7 with FeSO 4 [20] , the carbonate content by volumetric method [21] , and the pedogenic iron oxides ("free") with sodium dithionite-citratebicarbonate [22] .
Results and discussion
The studied soils, representing 17 soil units (8 in Poland and 9 in Israel) according to the World Reference Base for Soil Resources [23] are characterised by properties that significantly influence their spectral brightness. The properties of the units collected in 2008-2013 and 2015 are shown in the previous paper [14] and in Table 2 of the present one, respectively. The dark-coloured soil units with a low colour value (4 in the Munsell soil colour system) belong to the following WRB major reference groups: i) Phaeozems (Hg, Hc, and Hx) developed from loamy sand (LS) in Poland and Israel (Hh), and only in Israel; ii) Cambisols (Be) developed from LS; iii) Luvisols (Lo) developed from clay loam (CL) and loam (L); and iv) Vertisols (Vc) developed from CL and L. The dark colour of the Phaeozems in Poland is mainly the result of their relatively high content of SOC (1.2%-2.5%), the absence of CaCO 3 and the low content of Fe 2 O 3 (0.1%-0.3%), while in Israel they show a clearly lower content of SOC (0.5%) but evidently higher contents of CaCO 3 (1%) and Fe 2 O 3 (0.5%) than those in Poland, with the same texture being found in both countries. In comparison with Hh, the Cambisols have a higher content of SOC (0.5%-0.7%) but a similar content of CaCO 3 (1%-2%) and Fe 2 O 3 (0.3%-0.4%). Meanwhile, the other dark coloured units, Lo, and Vc, developed from finer texture (CL and L), have a much higher content of CaCO 3 (11%-17%) than the Hh, and a slightly higher content of SOC (0.5%-0.9%) and Fe 2 O 3 (0.4%-0.5%). The remaining soils studied in Poland with higher colour values (5-6) belong to the following WRB major groups: 1) Arenosols developed from sand (S) (Qb, Qbe); 2) Gleysols developed from S (G); and 3) Luvisols developed from LS (Lc) and sandy loam (SL) (Lv). Compared to the Phaeozems tested in Poland, these contain clearly less SOC (0.3%-0.8%), and almost the same amount of Fe 2 O 3 and CaCO 3 (except for one example of Qb). The soil units with the same color value (5-6) but located in Israel, belonging to the Xerosols developed from S (Xh) and L (Xk), as well as to the Verisols developed from CL (Vc), have a clearly lower content of SOC (0.3%-0.7%), a lower content of Fe 2 O 3 (0.1%-0.4%) and a much higher content of CaCO 3 (7%-30%). The soil units with the highest colour value (7) studied in Israel belong to two major WRB groups: i) Calcisols developed from L (Xs); and ii) Calcarics developed from SL (Jc). They contain similar amounts of SOC (0.3%-0.8%) and Fe 2 O 3 (0.2%-0.4%) to the soils described above while, most characteristically, they have an extremely high amount of CaCO 3 (18%-30%), which most affects their high brightness.
The shape of all the tested plots was computed from their DEMs with approximately 1 mm and 0.6 mm for horizontal and vertical spatial resolutions for the soils studied before 2015 and in 2015, respectively. Two roughness indices (HSD and T 3D ) were used, as in the previous paper [14] . The HSD expresses the standard deviation of the height of a soil surface area within its delineated basic DEM unit [24] , whereas the T 3D is the ratio of the real surface area within the DEM unit to the flat horizontal area of the unit [25] . The greater the irregularities of the soil surface shape, the higher the values of these roughness indices ( Table 3 , Fig. 1 ). The 20 further examples of DEMs obtained on cultivated soils in Israel in 2015 were added to the previous 81 and 7 examples investigated before 2015 in Poland and Israel, respectively [14] . The examples changed the averaged values of the roughness indices for the following soil surfaces: deeply ploughed (Pd), treated by a disk harrow (Hd), and treated by a smoothing harrow (Hs). These added: which increased averaged HSD values for those three surfaces (Pd, Hd, and Hs) by about 30%, 50%, and 8%, respectively, and averaged T 3D values only by 3%, 0%, and 1%. Other averaged HSD and T 3D data in Table 3 , which related to surfaces formed by a planter (Fp), as well as to Fp, Pd, Hd, and Hs after rain or irrigation (Fp + w, Pd + w, Hd + w, and Hs + w), were directly adopted from the previous paper [14] . Four soil surfaces developed from S, formed by Fp after modification by rain had approximately 60% and 80% lower values of HSD and T 3D , respectively. Meanwhile, 8 surfaces formed by Pd, 4 surfaces shaped by Hd, and 15 surfaces created by Hs, and all developed from S and LS, had approximately 80% and 90% lower indices, respectively.
All 108 datasets of the half-diurnal α variation of soils from local solar noon to sunset were analysed as a function of θ s . Evidently, instantaneous α values of the light-coloured soils were higher than the values of dark-coloured soils, as shown by examples referring to the Calcic Xerosols (Xk) and Eutric Cambisols (Be) collected in Israel, respectively. These examples show that overall α level at θ s < 75 °depends not only on the colour value of the soils, but also on their surface roughness caused by specific farming practice and the modification caused by water. In order to unambiguously compare this overall α level between any analysed curves, it was assumed that it refers to θ s = 45 °Most thus-far collected sets presenting the half-diurnal α variation show a mutual increase of α with the θ s . This increase in the range of θ s below 75 °is almost invisible for very rough (Pd) soil surfaces, and very clearly visible for smooth (Hs) ones. Above 75 °of θ s the increase was rapid for all 108 analysed sets. Even objects far from where the α was measured shaded the measurement point prematurely, and often even at θ s over 85 °Therefore, it was assumed that a straight line reaching 1 at θ s = 90 °can better replace measured values of α in the θ s function between 85 °and 90 °of θ s . Special cases were also found of soils with clearly directional micro-relief (such as deep furrows) oriented in such a way that they shaded the soil surface. This shading could be so strong at lower sun positions (high θ s ) that this slight α increase with increasing θ s was disruptive, even causing a decrease in α with increasing θ s . Such a case is shown in Fig. 2 , which related to the deeply ploughed Eutric Cambisols (Be) developed from LS in Israel.
The relationship between the α and θ s of the datasets from local noon to sunset was quantified using Fig. 2 . Digital elevation models of the Calcic Xerosol surfaces described by their roughness index T 3D related to a plow (Pd), a disk harrow (Hd), and a smoothing harrow (Hs).
The equation:
in which a, b, c, and d are parameters, was individually fitted to each of these datasets by the TableCurve 2Dv5.0 Systat software. The root-mean-square error (RMSE) and coefficients of determination (R 2 ) in the range of 0-0.01 and 0.86-1.00, respectively, characterise the fitting of the equation for the 20 additional examples of the sets mentioned above. These numbers express better fit for these 20 sets than the 88 pre-2015 ones previously analyzed (0-0.02 and 0.78-0.99). The increased number of these 20 datasets compared to those previously investigated did not essentially change the relationship between the half-diurnal α increase with the s α rise expressed as:
(where θ sm relates to θ s at local solar noon) and the roughness indices of the studied soils ( Fig. 3 ) . The correlations of s α to HSD and to T 3D (expressed by the exponential functions) have the same values for the data obtained before and after 2015, namely R 2 = 0.75 and R 2 = 0.67, respectively.
The smallest values of s α (lower than 0.0 0 0 06) refer to the surfaces formed by Fp and Pd, as well as by Fp + w and Pd + w, with their average HSD and T 3D values lower than 15 mm and 1.4, respectively ( Table 4 ) . Meanwhile, the highest values of s α (higher than 0.0 0 05) were found for surfaces treated by Hs and additionally modified by rain, with their HSD and T 3D values lower than 5 mm and 1.05, respectively.
Not fully diffused reflectance datasets related to the investigated soil materials (with properties described in Table 2 ) were subjected to further analysis. The data in the wavelengths below 400 nm were not analysed, as they exhibited high levels of noise, and nor were data in the ranges 1360-1490 nm and 1810-1960 nm, where the effects of absorption by water vapor were clearly visible. It was investigated how the data obtained from those trimmed spectra of the materials correlated with the α of soils at particular roughness states expressed by the HSD and T 3D for θ s = 45 °( α θ s = 45 ). To evaluate the accuracy of the predicted α θs =45 • by those raw and transformed spectral data, all of the 108 datasets were randomly divided into training and validation subsets, with a respective 70:30 split.
It was found that the diffuse reflectance data ( ρ λ ) transformed to their second derivative (SG2d) for specified wavelength ( λ) were the most strongly correlated with the α θ s = 45 of the soils ( Table 1 ) . Values of α θ s = 45 were predicted using data related to four values of λ (474 nm, 705 nm, 952 nm, and 1650 nm) combined with T 3D , with the R 2 and RMSE equal to 0.91 and 0.032, respectively ( Fig. 4 ) . Using HSD instead of T 3D , the selected λ (705 nm, 952 nm, 
All the variables were standardized into Z-scores by subtracting from each of them its mean and dividing by its standard deviation. It made possible a comparison of the influence of different coefficients of variables (the roughness of soils and their transformed reflectance data for specified wavelengths) into predicted albedo values using Eq. 3 . The height of the bars in the diagram in Fig. 5 shows that transformed reflectance data related to the visible range, 705 and 474 nm, and the roughness index T 3D are factors most strongly influencing the albedo prediction. These variables were also characterized by small standard errors, related to the high confidence of each of those variables. To predict α of a soil with a specified roughness expressed by the T 3D under 0 °< θ s > 75 °( α θ s ), the following equations are proposed:
where s α can be calculated by the equation shown in Fig. 3 (b) :
Thus, the usefulness of hyperspectral data was confirmed to predict the α of any soils at a given roughness for θ s lower than 75 °with a higher accuracy than by the equation using SOC and CaCO 3 in combination with T 3D which was proposed in a previous paper [14] . Using this equation that uses SOC and CaCO 3 instead of four variables related to the transformed reflectance data for selected wavelength, the R 2 and RMSE reached 0.83 and 0.036, respectively. 
Concluding remarks
These studies on the diurnal broadband blue-sky albedo ( α)
variation of bare soils in Poland and Israel with different roughness (formed by several farming tools widely used there and additionally modified by drops of water) carried out on an increased number of examples collected in Israel, confirmed that the course of this variation is mainly dependent on the roughness and brightness of the studied soils. Soil roughness not only decides on the overall level of the diurnal variation, but also affects the intensity of the diurnal increase from the solar zenith angle ( θ s ) at the local noon to not less than 75 °U nder these θ s , the soils of high roughness showed almost constant α, while the soils of low roughness exhibit a clear increase in α. Increasing the population of the soils studied in Israel did not significantly change the relationship described by the exponential function between the half-diurnal α increase with the θ s rise and the roughness indices, HSD and T 3D , of the studied soils. It was also found that soils with clearly directional deep microrelief with a specific orientation relative to sunbeams under high θ s could exhibit a decrease rather than an increase in α with increasing θ s . These studies demonstrated that diurnal soil α variation can be predicted with high accuracy, expressed by R 2 = 0.89 and RMSE = 0.029, using the T 3D index and the data obtained from the hyperspectral reflectance spectra transformed to the second derivative relating to the five designated wavelengths. Use of the transformed data combined with the T 3D provided a similarly high accuracy in this prediction of α as numbers describing the contents of the soil organic carbon and carbonates of the studied soils.
